Hallmarks of high-fat Western diet intake, such as excessive lipid accumulation in skeletal muscle and liver as well as liver fibrosis, are investigated in tissues from mice using nonlinear microscopy, second harmonic generation (SHG), and coherent anti-Stokes Raman scattering (CARS), supported by conventional analysis methods. Two aspects are presented; intake of standard chow versus Western diet, and a comparison between two high-fat Western diets of different polyunsaturated lipid content. CARS microscopy images of intramyocellular lipid droplets in muscle tissue show an increased amount for Western diet compared to standard diet samples. Even stronger diet impact is found for liver samples, where combined CARS and SHG microscopy visualize clear differences in lipid content and collagen fiber development, the latter indicating nonalcoholic fatty liver disease (NAFLD) and steatohepatitis induced at a relatively early stage for Western diet. Characteristic for NAFLD, the fibrous tissue-containing lipids accumulate in larger structures. This is also observed in CARS images of liver samples from two Western-type diets of different polyunsaturated lipid contents. In summary, nonlinear microscopy has strong potential (further promoted by technical advances toward clinical use) for detection and characterization of steatohepatitis already in its early stages. C 2010 Society of Photo-Optical Instrumentation Engineers.
Introduction
Lipid storage in nonadipose tissues is known to be related to insulin resistance and predisposes the development of type-2 diabetes and cardiovascular disease. 1 Increased levels of intracellular lipids in skeletal muscle have been shown to associate with insulin resistance in sedentary subjects. 2, 3 Furthermore, obese subjects are prone to development of nonalcoholic fatty liver disease (NAFLD), which in turn can progress to nonalcoholic steatohepatitis (NASH), a fatty inflammation of the liver that increases the risk for future complications due to fibrotic scarring of the liver. 4, 5 Histochemical analysis of liver biopsies is so far the only way to confirm the diagnosis of NASH, and to assess the degree of fibrosis of the liver. 6 Biochemical analysis can provide reliable average measures on tissue triglyceride content, whereas microscopy offers detailed visual information on distribution and morphology of lipid stores on a cellular scale. Traditionally, this relies on sample staining, 7 but electron microscopy has also been used for intracellular lipid visualization. 3 However, histological staining introduces uncertainties depending on the efficiency of the marker to attach to the lipid structures. In addition, bright-field microscopy has limited axial resolution and requires thin samples to avoid problems with absorption, multiple scattering, and depolarization, all limiting factors for studies of thicker tissue samples.
Laser-based nonlinear microscopy is emerging as a powerful research tool for molecular-specific imaging of cells and tissue without having to rely on sample labeling, thus also fresh tissues can be studied. The nonlinear signal generation is limited to the laser beam focal volume, resulting in high spatial resolution in three dimensions. Excitation using near-infrared wavelengths reduces risks for photochemical effects and damages, and it also provides good sample penetration, which permits imaging with optical sectioning of relatively thick samples. Thus, nonlinear microscopy is very suitable for tissue characterization.
Second harmonic generation (SHG) microscopy is a nonlinear technique able to specifically visualize structures of noncentrosymmetric molecular arrangement. The SHG process is induced by illumination with a high-intensity laser beam, where photons having twice the energy of the excitation light are generated. The method is well characterized 8 and suitable for imaging of ordered structural proteins such as myosin and collagen. 9 The ability to image myosin makes SHG microscopy a good complement to conventional optical microscopy and electron microscopy for characterization of muscle tissue structure. 10, 11 In addition, the ability to detect collagen, which is accumulated in fibrotic liver, makes it suitable for detection and analysis of liver fibrosis. 12, 13 Another nonlinear technique, coherent anti-Stokes Raman scattering (CARS) microscopy, 14, 15 has developed into a valuable tool for label-free, selective imaging of lipids. Chemical specificity is achieved by probing inherent molecular vibrations, in the case of lipids usually the symmetric stretch vibration of CH 2 groups in the acyl chains. A number of publications on investigations of intracellular lipids using CARS microscopy has emerged during the last few years, [16] [17] [18] [19] and the technique has also been applied for monitoring hepatic lipid content. 20 Of special interest is that combined SHG and CARS microscopy of liver tissue allows for simultaneous imaging of fibrosis and lipid storage, two phenomena coupled in the development of NAFLD. In addition, combination of the methods is also valuable for studies of lipid accumulation in skeletal muscle tissue.
The aim of this study was to investigate whether multimodal nonlinear microscopy could be used as a tool to study the effects of high-fat diet intake on skeletal muscle and liver tissue of mice. Lipid contents of muscle and liver tissue as well as liver fibrosis were visualized using simultaneous CARS and SHG microscopy on specimens from wild-type C57BL/6J mice fed standard rodent chow or a Western diet with high-fat content. Second, the effect of a high-fat/sucrose diet (HFSD), supplemented with either minced beef or minced herring fillets, on muscle and liver lipid storage in low density lipoprotein receptor (Ldlr)-deficient mice was investigated by means of CARS microscopy. The phenotype of the Ldlr-deficient mouse on standard chow is mildly elevated plasma low-density lipoprotein (LDL) levels, whereas addition of cholesterol to a high-fat diet increases plasma very low-density lipoprotein (VLDL) levels and consequently accelerates the development of atherosclerotic plaques. 21 
Materials and Methods 2.1 Animals and Diet
The study was approved by the local Animal Ethics Committee at University of Gothenburg, Gothenburg, Sweden.
Experiment 1
Seven-week-old male C57BL/6J mice obtained from Charles River Laboratories (Sulzfeld, Germany) were kept under standardized conditions with free access to water and chow; laboratory lights were on between 7 a.m. and 7 p.m. The mice were randomly assigned to two groups (n = 6 per group) given either standard rodent chow or a Western diet (Harlan TD.88137; Harlan Laboratories, Boxmeer, the Netherlands) for up to 12 weeks. The energy density was 3.8 kcal/g (fat, 4.2 E%; carbohydrates, 70.8 E%; proteins, 25.0 E%) for the standard rodent chow, and 4.5 kcal/g (fat, 42 E%; carbohydrates, 42.7 E%; proteins, 15.2 E%) for the Western diet that also contained 0.2% cholesterol. Two mice from each diet group were killed after 4, 8, and 12 weeks. Skeletal muscle tissues (soleus and diaphragm) and pieces of liver were placed in phosphate buffered saline (PBS) (approximately 30 • C) for subsequent SHG/CARS microscopy. Pieces of liver were also frozen in liquid nitrogen for lipid staining by Oil Red O in frozen sections (Histo-Center AB, Göteborg, Sweden).
Experiment 2
Seven-week-old male Ldlr-deficient mice (Jackson Laboratories, stock number 002207) were obtained from Charles River Laboratories (Sulzfeld, Germany). After one week of acclimatization to the conditions in our animal facility (see before), the mice (n = 14 per group) were randomly assigned to receive either a high fat/high sucrose diet supplemented with minced beef (HFSD beef) or with minced herring (HFSD herring). The diets contained 21.5% fat and 0.074% cholesterol (wt/wt), and the diet fat compositions grouped in categories of saturated, monounsaturated, and polyunsaturated lipids were 66.3, 29.1, and 2.6%, respectively, for HFSD beef, and 60.1, 29.3, and 8.0%, respectively, for HFSD herring. After 16 weeks of diet the mice were killed by an overdose of sodium pentobarbital during three consecutive days, and samples of the diaphragm and one liver lobe were collected and placed in PBS (approximately 30 • C) for subsequent CARS microscopy.
Nonlinear Microscopy
The experiments are summarized in Fig. 1 , which also shows the experimental setup used for nonlinear microscopy. The laser system consists of a Nd:Vanadate pump laser [HighQ (Hohenems, Austria) picoTRAIN], and two ring-cavity optical parametrical oscillators (OPO), APE (Berlin, Germany) Levante. The pump laser emits pulses of 7-ps duration and wavelength of 1064 nm at a repetition rate of 76 MHz. The total average output power of the pump laser is 10 W split into three beams, one directly aligned into the microscope and one beam directed to each OPO. The OPOs provide tunable radiation covering the wavelength intervals 785 to 845 nm and 855 to 920 nm, with average output powers in the range 0.3 to 1.0 W. The 1064-nm and OPO beams are aligned into a common optical path using dichroic mirrors, and temporal overlap is achieved by means of individual delay lines for the OPO beams. The copropagating beams are directed into the microscope (Nikon TE-2000E) beam scanning unit and focused on the sample by an objective (40× Nikon Plan Fluor NA 1.3 or 60× Nikon TIRF NA 1.49). Typical average powers at the sample are 50 mW for the OPO beams and 30 mW for the 1064 beam. CARS and SHG are generated in the high-intensity region of the diffractionlimited focal volume of the laser beams, and the signals 
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ldlr-/- Fig. 1 Summary of the experiments carried out on skeletal muscle and liver tissues of mice. In experiment 1 with 12 mice, intake of standard chow and a Western-type high-fat diet was compared during 12 weeks by SHG and CARS microscopy. Experiment 2 with 28 mice, from which 13 liver and 10 diaphragm samples were characterized by CARS microscopy, compared the differences between two high-fat diets with different levels of polyunsaturated lipids (see Sec. 2 for further details). The experimental setup for nonlinear microscopy, shown to the right, consists of a pump laser, two OPOs, and an inverted microscope with laser beam scanner. The generated signals are collected in the forward direction, separated by a dichroic mirror, and detected by photomultiplier tubes (PMTs).
propagating in the forward direction are collected by an aspherical lens (NA 0.8) separated by a beamsplitter and directed to one photomultiplier tube each (Hamamatsu PMC100-1/PMC100-20). Bandpass filters are used to isolate the signals and suppress background light, in particular residual laser radiation. Combined SHG and CARS microscopy (Experiment 1) or dual CARS microscopy 22 (Experiment 2) measurements were carried out on samples of liver and skeletal muscle tissue of mice. For combined SHG and CARS measurements, a single OPO tuned to 817.0 nm was used that-combined with the 1064-nm beam-excites the CH 2 symmetric stretch vibration at wave number 2845 cm -1 , and the generated CARS signal is detected at 663 nm. The 817-nm beam also induces SHG detected at 409 nm. To obtain quantitative information on lipid storage from CARS microscopy measurements carried out in Experiment 2, a dual CARS arrangement was used to simultaneously measure the nonresonant background and be able to subtract it from the CH 2 CARS signal. For this purpose, the short-wavelength OPO remained tuned to 817 nm (2845 cm -1 ), whereas the longwavelength OPO was tuned to 863.6 nm. Combined with the 1064-nm beam, the latter generates a CARS process probing wave number 2185 cm -1 in the so-called silent Raman region, where biological tissue lacks vibrational resonances and the nonresonant background can be measured.
Fresh tissue specimens were manually cut in slices a few hundred microns thick, and carefully mounted between microscopy cover slides. Tissue specimens of soleus muscle, diaphragm, and liver were collected from wild-type mice fed either standard chow or Western diet and from Ldlr-deficient mice fed HFSD herring or beef. The soleus muscle is of interest due to its relatively high amount of oxidative muscle fibers. The flat geometry of the diaphragm simplifies the sample preparation and makes microscopy of it relatively straightforward.
Images were collected either as single planes or as z-stacks covering 30 to 60 image planes and forming 3-D images. The scanned image area ranged from 20×20 μm 2 to 200× 200 μm 2 , with larger fields of view (140×140 μm 2 and 200× 200 μm 2 ) used for the analysis of liver samples, and smaller fields of view (40×40 μm 2 ) used for the analysis of muscle tissue. The numbers of measurements on soleus, diaphragm, and liver specimens are summarized in Table 1 .
CARS spectra of liver tissues from a HFSD-herring and HFSD-beef mouse were obtained by collecting CARS microscopy images with the OPO tuned to wavelengths between 807 and 824 nm, probing vibrations between wave numbers 2740 and 3000 cm -1 . At each wavelength an image of lipid stores in the liver tissue and a reference image in the cover slide glass, to normalize for varying excitation efficiency, were registered. From the series of CARS microscopy images, the normalized lipid droplet CARS signal was averaged and plotted versus probed wave number to obtain a CARS spectrum.
Image Analysis
Nonlinear microscopy images were segmented into binary images for further analysis. For lipid droplet evaluation, the binary data obtained from the CARS microscopy images were analyzed using two tools of the software ImageJ, 23 the built-in particle analyzer, and a 3-D object counter plug-in routine. Particle sizes evaluated as areas and volumes were recalculated into equivalent diameters. Relative areas of tissue lipid content and liver fibrosis, visualized in the CARS and SHG images, respectively, were calculated as the number of thresholded pixels divided by the total number of pixels. For the dual CARS measurements carried out in Experiment 2, the measured nonresonant background was subtracted, resulting in a compensated CARS signal essentially consisting of the CH 2 vibrational resonant contribution.
Tissue Biochemical Analysis
Frozen liver biopsies (weighing 100 to 200 mg) were homogenized in ten volumes of PBS (pH 7.4). The homogenates were weighed before and after removal of approximately 100-μl aliquot for triglyceride analysis, and the remainder of the . The ordered arrangement of myosin molecules in the muscle filaments induces birefringence and makes them SHG-active. Thus, the cross-striation pattern of muscle tissue A-bands, also recognizable from polarization microscopy of sectioned tissue, 24 can be visualized by SHG microscopy. Intramyocellular lipid droplets, imaged by CARS microscopy and typically 1 μm in diameter, can be seen positioned longitudinally along the muscle fibers and located in-between the myofibrils. This is clearly shown in the overlay CARS/SHG images (right column), and in particular in the images of Fig. 2 (c) covering a smaller field of view. The observed lipid droplet localization is in agreement with observations reported for human skeletal muscle tissue, 25 and recent studies have shown that the intramyocellular lipid droplets, forming a cellular energy source, are located between the intermyofibrillar mitochondria and to a larger extent in the oxidative, mitochondria-rich type-1 fibers than type 2. 26, 27 Approximately 40% of the muscle fibers in soleus from male C57BL/6J mice are of the slow-twitch type 1. 28 Combining two-photon fluorescence of labeled mitochondria 26 with CARS and SHG microscopy would permit colocalization of all structures of interest, and this is a topic to be investigated further. CARS microscopy on skeletal muscles (soleus and diaphragm) from wild-type mice fed standard or Western diet generally showed low content of lipids, irrespective of diet. After four weeks, intramyocellular lipid droplets were detected in one third of the images measured in the soleus sample of one mouse fed Western diet, and a sample image is shown in Fig. 2(c) . Measurements on soleus samples from the three other mice investigated at this time point, one fed Western diet and two fed standard chow, showed no intramyocellular lipid content. Diaphragm samples investigated after four weeks of diet intake showed no lipid content and neither did additional measurements carried out on samples of extensor digitorum longus or gastrocnemius (data not shown). After eight weeks, approximately one third of the CARS microscopy images measured in one of the two investigated Western diet soleus samples showed lipids. The other soleus data, measured in the other Western diet sample and two standard diet samples, showed no intramyocellular lipids. Measurements carried out after 12 weeks showed lipid droplets in soleus samples of all four mice investigated, i.e., an overall low lipid content for all these specimens (data not shown). The diaphragm samples measured at this time point showed lipid droplets in one Western diet and one standard chow specimen. In summary, the measurements indicate overall low amounts of intramyocellular lipid droplets; nevertheless, more of the CARS microscopy images measured in Western diet samples showed lipid droplets compared to standard chow. In agreement, high-fat diet intake has been reported to increase intramyocellular lipid levels in humans. 3 However, more in-depth investigations are required to understand the coupling between diet fat content and lipid storage in skeletal muscle tissue.
Influence of High-Fat Western Diet on Hepatic Lipid Content
A comparison between hepatic lipid storage in mice fed standard chow or Western diet for 12 weeks is presented in Fig. 3 . Lipid contents of liver specimens from four mice, two from each diet group, have been analyzed using both CARS microscopy (left column images) and histochemical staining with Oil Red O (right column images). In the CARS images the strongest signals (in bright yellow) were obtained from lipid droplets located in a matrix of hepatocytes visualized in the background (red).
Although the specificity that can be obtained with CARS microscopy for visualization of lipids is well known, the complex composition of liver tissue motivates a comparison with conventional methods, and Oil Red O staining of liver sections from the same animals was compared with the results from CARS microscopy. Several staining protocols for different types of lipids exist, 29 and using the Oil Red O marker is an established method for staining of lipids in general. It is therefore a suitable choice for visualization of overall lipid storage in the liver tissue, and for comparison with CARS microscopy that visualizes lipids probing CH 2 groups. Nevertheless, for detailed analysis of the hepatic lipid contents, more specific staining alternatives may be appropriate.
Oil Red O staining and CARS microscopy showed lipid distributions with good overall agreement for all individuals with low and high hepatic lipid contents for mice fed standard and Western diets, respectively. CARS microscopy images measured in liver tissues from mice fed the standard diet revealed an interindividual variation in hepatic lipid storage, showing a distribution of small lipid droplets for one individual [ Fig. 3(a) ] and a liver tissue matrix containing only a few lipid droplets for the other individual [ Fig. 3(b) ]. This was in line with the results obtained by the Oil Red O analysis, revealing low amounts of stained structures, in particular for the specimen of Fig. 3(b) . Still, the hepatic lipid content was significantly lower in mice fed the standard diet compared with those given the Western diet [Figs. 3(c) and 3(d)], where much larger lipid structures could be observed with both CARS microscopy and Oil Red O staining. Additionally, the distributions of lipid structures in the livers of these mice show a high degree of heterogeneity.
Average lipid droplet diameters and the relative area covered by lipid structures were evaluated from the CARS microscopy images. The large number of small lipid droplets in the liver samples resulted in average diameters of 3 μm for both diets. However, the size of the largest lipid structures imaged in the Western diet samples was approximately twice the size of those in the standard chow samples. The evaluated maximum diameter averaged over three standard and four Western diet images was 16 and 34 μm, respectively.
The average relative lipid area, presented in Fig. 3(e) , was approximately three times higher for the Western diet mice compared to the standard diet mice with values of 13 and 4% of the scanned area, respectively. The larger spread in the relative lipid area obtained in liver tissues from mice fed the Western diet reflects the heterogeneity in lipid distribution for these livers, which can be observed in the CARS and Oil Red O images of Figs. 3(c) and 3(d) .
The SHG microscopy images recorded simultaneously with the CARS images in the same field of view are shown in the middle column in Figs. 3(a) through 3(d). All four images contain SHG-generating fibrous structures, identified as collagen in previous studies of liver tissue. 12, 13 The detection of collagen was also confirmed by comparative measurements with van Gieson staining and SHG microscopy on a liver sample from a mouse fed a high-fat diet. The results are shown in Fig. 4 with very good agreement between the collagen stained in pink [ Fig. 4(a) ] and the structures visualized by SHG microscopy in the same region [ Fig. 4(b) ]. The high spatial resolution of SHG microscopy and the negligible background makes it possible to discern fine collagen structures difficult to distinguish in the staining image, for example the thin fibers indicated in Fig. 4(b) . Thus, with the ability to measure fresh, unstained samples without sectioning SHG microscopy is clearly a suitable method for specific imaging of collagen in liver tissue.
Comparing the SHG images of Fig. 3 , livers from mice fed a standard diet showed a few thin structures, whereas livers from mice fed the Western diet contained entangled networks of thicker fibers, indicating development of liver fibrosis. A pattern of fibers surrounding the hepatocytes can be seen, which is in agreement with the arrangement observed in histochemical images of liver tissue with developed steatohepatitis. 30 Figure 3(f) shows the relative fiber area evaluated from the SHG microscopy images. Although data of both groups show spread values, the highest values, above ∼25%, are obtained for the Western diet specimens with an average value approximately three times higher, 4.8% compared to 1.5% of the image area, than that for the standard diet specimens.
Previous studies in mice have shown that fiber formation in the liver is detected only after a relatively long time of highfat feeding. 30 For example, DeLeve et al. reported developed steatohepatitis in mice after 6 and 9 1 2 months. 31 Approximately 0.1% (standard control diet), 0.4% (Western diet, 6 months), and 5% (Western diet, 9 1 2 months) of the liver area was covered by Sirius Red-stained collagen fibers. Thus, their 9 1 2 month data correspond to numbers obtained from SHG microscopy data already after 12 weeks, as shown in the present study. However, directly comparing the degree of steatohepatitis from data obtained by means of different microscopy techniques is questionable. As mentioned previously, results obtained with histochemical methods have an uncertainty related to the staining efficiency, and can underestimate the development and extent of liver fibrosis. We show that progression of liver fibrosis can be studied in diet-induced obese mice using SHG microscopy after 12 weeks of Western diet. The high sensitivity of the SHG technique for collagen detection is well known, 9 as well as the higher spatial resolution achieved compared to staining methods 12, 32 (Fig. 4) . This makes SHG microscopy suitable for early detection of steatohepatitis. Furthermore, recent developments in optical fiber technology and endomicroscopy are beneficial for studies in vivo and also for future clinical use. 33, 34 
Influence of Diet Fatty Acid Composition on Hepatic Lipid Content
It has been suggested that reduced amounts of hepatic long-chain polyunsaturated fatty acids contribute to NAFLD in humans, 35 and in particular the marine polyunsaturated fatty acids EPA and DHA. 36, 37 Indeed, deficiency of essential fatty acids, has long been used in animal models to study the development of hepatic steatosis. 38 Related to this, livers from Ldlr-deficient mice fed HFSD beef or herring were analyzed by dual CARS microscopy.
Since the HFSD herring contained larger amounts of long-chain polyunsaturated fatty acids, the aim was to investigate whether qualitative and quantitative differences in hepatic lipid storage could be detected by CARS microscopy. Quantitative results obtained from CARS microscopy and triglyceride analysis of liver tissues from mice fed both diets ( Table 1 are presented in Figs. 5(c), 5(d), and 5(e). The average lipid droplet diameter was approximately 4 μm for both HFSD-herring and HFSD-beef mice, with a difference on the order of the spatial resolution of the images (0.55 μm). The maximum evaluated diameters were 36 and 42 μm for samples from HFSD-herring and HFSD-beef mice, respectively.
Comparison of the relative lipid areas, i.e., the density of lipid droplets in the liver tissues, generally showed somewhat higher values for the HFSD-herring diet group, suggesting a higher amount of lipids stored in the liver. This was supported by the biochemical analysis of hepatic triglyceride content presented in Fig. 5(e) , showing a 24% higher median triglyceride level in livers from the HFSD-herring mice. Quantification of the lipid CARS signal is complex due to the unspecific nonresonant Wavenumber (cm -1 )
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Fig. 6 CARS spectra of lipid droplets in liver tissue from Ldlr-deficient mice fed HFSD beef or herring. Both spectra show a distinctive peak at 2850 cm -1 (upper arrow), corresponding to the CH 2 symmetric stretch vibration. Differences can be seen in the signal strengths of the CH 2 peak and the 2900-to 2950-cm -1 region relative to the nonresonant background level at 2750 cm -1 . The HFSD-herring spectrum also shows an additional small peak around 2880 cm -1 (lower arrow); for interpretation, see Sec. 3. signal contribution that forms a background and also couples to the resonant signal. Furthermore, the CARS signal has a nonlinear dependence on the number of probed molecular bonds. Nevertheless, the dual CARS measurements allowed for subtraction of the nonresonant background, resulting in a signal dominated by the resonant CH 2 contribution.To compare the data from triglyceride analysis with data evaluated from the images, the background-corrected CARS signal of the lipid droplets was multiplied with the relative lipid area, resulting in the graph presented in Fig. 5(d) . Comparing this CARS parameter for the two diets shows the same tendency as the triglyceride analysis, with higher lipid content for the HFSD-herring diet, for which a 22% higher median value is obtained.
To obtain additional qualitative information on the hepatic lipid content, CARS microspectroscopy measurements were carried out on two liver samples, one from each diet group, and the resulting spectra are shown in Fig. 6 . The spectra show the signal in the region of hydrocarbon vibrations around 3000 cm -1 , and both have the strongest signature located at 2850 cm -1 (indicated by the top arrow), corresponding to the symmetric stretch vibration of the CH 2 groups in the lipid acyl chains. In addition to this peak, the spectra contain a broader feature between 2900 and 2950 cm -1 . The ratio between the amplitude of the 2850-cm -1 peak and the average signal in the 2900-to 2950-cm -1 region is higher for the spectrum of the HFSD-herring category, indicating longer acyl chains 39 and resulting in more CH 2 groups in turn giving coherent signal contributions to the resonance at 2850 cm -1 . This interpretation is also supported by the higher ratio between the signal at 2850 cm -1 and the nonresonant background level measured at 2750 cm -1 , compared to the HFSD-beef spectrum. In addition to the CH 2 signal, the spectrum of the HFSD-herring sample shows an additional spectral line around 2880 cm -1 (indicated by the bottom arrow), corresponding to the asymmetric stretch vibration of CH 2 groups. [39] [40] [41] The presence of this peak indicates either longer acyl chains 39 or reduction in interchain coupling. 42 Bonn et al. have related the ratio between the CARS signals at 2880 and 2845 cm -1 to the degree of acyl chain ordering, and found this parameter to be inversely related to the amount of double bonds, i.e., unsaturated lipids. 43 Initially, this indicates a lower amount of unsaturated lipids for the HFSD herring. However, this is neither in agreement with the compositions of the diets nor with the triglyceride fatty acid compositions of the liver samples presented in Table 2 . A higher amount of polyunsaturated fatty acids was found in the triglycerides of the HFSD-herring sample. However, this sample also showed an approximately ten times higher amount (20.0% compared to 1.8% molar fractions) of long-acyl-chain (n >= 20) triglycerides, in agreement with the trend observed in the CARS spectra.
Although the multicomponent triglyceride composition increases the complexity of interpretation, the results clearly demonstrate that CARS microspectroscopy has the potential to provide not only morphological information on the lipid accumulation but also insights into the chemical composition of the lipid stores from spectral analysis. Multiplex CARS microscopy, generating spectra containing more data points than the presented excitation scans, and analysis methods that allow the pure spontaneous Raman spectrum to be extracted, 41 can be combined with biochemical analysis to investigate liver lipid storage in more detail.
Influence of Diet Composition on Intramyocellular Lipid Content
The lipid content of the diaphragms of Ldlr-deficient mice fed HFSD herring and beef were also investigated using CARS microscopy, and the results are shown in Fig. 7 . Intramyocellular lipid droplets having diameters around 0.8 μm could be identified for both diet groups, Figs. 7(a) and 7(b), and the lipid droplet CARS signals were similar intensities for both categories, indicating droplets of comparable density. The lipid density, evaluated as a relative image area covered by lipid droplets, is shown in Fig. 7 (c) and generally showed higher values for the HFSD herring, median value 1.5%, than for the HFSDbeef specimens with median value 1.0%. Sample images of low and high intramyocellular lipid storage are shown in Figs. 7(a) and 7(b), respectively.
Conclusions
Nonlinear microscopy has potential to serve as a powerful tool for characterization of biological tissue, demonstrated in this work by investigations of skeletal muscle and liver in mice fed different diets. Uptake and storage of lipids is related to many health problems and diseases, which makes label-free imaging of lipids in tissue by means of CARS microscopy of particular interest.
Although intramyocellular lipids recur more frequently in the skeletal muscle tissue of mice fed Western compared to standard diet, the main difference is observed between liver specimens of these categories. Comparing lipid storage in liver tissue for standard and Western diet shows extensive lipid accumulation for the Western diet case. In addition, these samples showed NAFLD, manifested by development of collagen fibers in the tissue and confirming the long-term detrimental effects of a high-fat diet.
The influence of lipid saturation level in Western-type diets was investigated for Ldlr-deficient mice fed diets of different polyunsaturated lipid contents for 16 weeks. Biochemical analysis shows higher amounts of triglycerides and unsaturated lipids in HFSD-herring liver samples, and this is also supported by observations from CARS microscopy and microspectroscopy. Although these differences in overall lipid content and composition are observed, CARS microscopy data obtained from mice of both categories show hepatic lipid accumulation with large-sized structures, signifying NAFLD as a result of high-fat diet intake.
Of particular interest, especially apparent in the first study and in contrast to previous studies on NAFLD and steatohepatitis, is the relatively early detection of fibrous structures in liver following Western diet intake in our investigations. The high sensitivity of SHG microscopy in detecting collagen fibers demonstrates the potential of this method both as a tool for investigating early mechanisms that lead to fibrotic scarring of the liver, and for clinical diagnosis of steatohepatitis.
